On Kamchatka, detailed geologic and geomorphologic mapping of young volcanic terrains and observations on historical eruptions reveal that landslides of various scales, from small (0.001 km 3 ) to catastrophic (up to 20-30 km 3 ), are widespread. Moreover, these processes are among the most effective and most rapid geomorphic agents. Of 30 recently active Kamchatka volcanoes, at least 18 have experienced sector collapses, some of them repetitively. The largest sector collapses identified so far on Kamchatka volcanoes, with volumes of 20-30 km 3 of resulting debris-avalanche deposits, occurred at Shiveluch and Avachinsky volcanoes in the Late Pleistocene. During the last 10,000 yr the most voluminous sector collapses have occurred on extinct Kamen' (4-6 km 3 ) and active Kambalny (5-10 km 3 ) volcanoes. The largest number of repetitive debris avalanches (> 10 during just the Holocene) has occurred at Shiveluch volcano. Landslides from the volcanoes cut by ring-faults of the large collapse calderas were ubiquitous. Large failures have happened on both mafic and silicic volcanoes, mostly related to volcanic activity. Orientation of collapse craters is controlled by local tectonic stress fields rather than regional fault systems.
Geological background and previous studies
The Kamchatka Peninsula, located along the northwestern border of the subducting Pacific plate (Fig. 1) , is one of the most active volcanic and seismic regions of the world (Simkin and Siebert, 1994; Gorbatov et al., 1997) . Kamchatka hosts about 30 active volcanoes and hundreds of monogenetic volcanic vents. Holocene volcanism in Kamchatka has been highly explosive (Melekestsev, 1980) , and numerous tephra horizons interlayered with paleosols mantle the topography. Marker tephra layers associated with the largest Holocene eruptions have been mapped and dated (Braitseva et al., 1997a,b) .
In southern Kamchatka, the volcanic arc runs parallel to the trench for about 500 km but then abruptly deviates to the northwest. North of this deviation is the most voluminous volcanic cluster of the arc, the Kliuchevskoi group and Shiveluch, often referred to as the Central Kamchatka Depression (CKD) volcanoes (Figs. 1 and 2). The CKD cluster has the highest concentration of the giant (3-5 km a.s.l.) volcanic cones ( Fig. 2A) and represents a departure from other Kamchatka volcanoes in terms of its geographic, tectonic and geochemical significance. These differences are likely related to the evolution of the Kamchatka-Aleutian junction (Yogodzinski et al., 2001; Park et al., 2002) .
The first general overview of volcanic landslides in Kamchatka and on the Kurile Islands (Melekestsev and Braitseva, 1984) described many landslides but omitted two closely spaced historical collapses at the CKD volcanoes: 1956 Bezymianny and 1964 Shiveluch. The deposits of both collapses have been described in detail but at the time were thought to have originated from directed blasts (Gorshkov, 1959 (Gorshkov, , 1963 Gorshkov and Bogoyavlenskaya, 1965; Piip and Markhinin, 1965 ; Fig. 1 . Location of the volcanoes described in this paper. Regional fault systems according to Kozhurin, 2004 . A dotted frame encloses an area shown on Fig. 2B and includes the Central Kamchatka Depression volcanoes. Gorshkov and Dubik, 1970; Bogoyavlenskaya et al., 1985) . Since then, both events have been reinterpreted as sector collapses and the resulting debris avalanche deposits re-examined (Belousov, 1995; Belousov and Belousova, 1998; Melekestsev, 2006) . Other work on the CKD volcanoes includes studies of small-volume historical landslides on Kliuchevskoi (Dvigalo and Melekestsev, 2000) , pre-historic collapses of Shiveluch (Ponomareva et al., 1998; Belousov et al., 1999) and brief mention of pre-historic collapses on Kamen', Tolbachik (Melekestsev and Braitseva, 1984) , Kharchinsky and Zarechny volcanoes (Volynets et al., 1999 ). In the rest of Kamchatka, only Avachinsky, Bakening and Mutnovsky debris avalanche and landslide deposits have been documented earlier (Melekestsev and Braitseva, 1984; Melekestsev et al., 1992 Melekestsev et al., , 1999 although landslide craters have been identified on 22 volcanoes (Leonov, 1995) .
The primary aim of this paper is to attract attention to Kamchatka volcanoes, which with the exception of a few of them, have been underrepresented in Englishlanguage literature. We describe major landslide and debris avalanche deposits on Kamchatka volcanoes, moving from north to south, with focus on previously undescribed cases. We include age, volume, and recurrence rate of landslides and consider causes and possible triggers. We pay special attention to toreva blocks -huge, almost-intact failed fragments of volcanic edifices (Reiche, 1937; Francis et al., 1985; Wadge et al., 1995) .
Landslide craters and associated landslide and debris avalanche deposits have been first identified on largescale airphotos and space images and then examined in the field. Ages of the deposits have been determined based on their relationships with the earlier dated marker tephra layers and additional 14 C dates (Fig. 3) . Interpretation of landslide and debris avalanche deposits in Kamchatka as well as in other regions, which experienced glaciation, should consider resemblance of some collapse features to glacial ones: on the space images some glacial cirques resemble collapse scars, and moraine deposits especially from alpine glaciers mimic rock avalanche deposits. Some of the Late Pleistocene toreva blocks might have changed their original topography due to glacial impact.
Volcanoes of the Central Kamchatka depression
Dominantly andesitic Shiveluch volcano (Figs. 1 2B,4) is one of the most voluminous explosive centers of Kamchatka, with a magma discharge of about 36 × 10 6 t per year, an order of magnitude higher than that typical of island arc volcanoes . The Shiveluch edifice rises ∼ 3200 m above its surroundings. The volcano consists of the Late Pleistocene stratovolcano (Old Shiveluch), partly destroyed by a 9-km-wide collapse crater, which now encloses an active eruptive center (Young Shiveluch). Shiveluch activity during the Holocene has been characterized by plinian eruptions alternating with periods of dome growth and subsequent debris avalanches (Ponomareva et al., 1998 (Ponomareva et al., , 2002 .
A well-known plinian eruption of Young Shiveluch in 1964 was preceded by failure of its southern sector (Belousov, 1995) . The area covered by the 1964 debris avalanche deposits is about 98 km 2 , its volume about 1.5 km 3 , and its travel distance about 16 km (Table 1) . A part of the material was displaced as three large toreva blocks which form up to 1.5 km long and 0.15 km high "stairs" immediately south of the collapse crater (Gorshkov and Dubik, 1970; Ponomareva et al., 1998; Belousov et al., 1999) . The debris avalanche was not followed by a lateral blast, indicating the absence of a cryptodome in the volcanic edifice (Belousov, 1995) . A lava dome has been growing in the collapse crater since 1980, occasionally producing pyroclastic density currents, landslides, and Fig. 3 . Stratigraphic position of the dated Holocene debris avalanche and landslide deposits in relation to the regional marker tephra layers. Volcanoes are organized from north to south. Larger triangles show deposits with the volumes of >1 km 3 ; smaller ones -0.1-1 km 3 . Smaller deposits are not shown. Codes and ages of marker tephra layers according to Braitseva et al. (1997a,b) with additions and corrections from Bazanova and Pevzner (2001) and Ponomareva et al. (2001 Ponomareva et al. ( , 2004 (Dvigalo, 1984; Gorelchik et al., 1995; Khubunaya et al., 1995; Zharinov et al., 1995; Firstov et al., 1995; Fedotov et al., 2001; Ozerov and Demianchuk, 2004) .
Twelve pre-historic debris avalanche deposits younger than 5700 14 C yr BP were documented on the southern slope and two more on the western slope of Shiveluch at a distance of ≥ 7 km from the active vent ( Fig. 4B , C; Table 1 ; Ponomareva et al., 1998) . All Holocene collapses were followed by explosive eruptions, however, the largest plinian eruptions of Shiveluch were not associated with debris avalanches (Ponomareva et al., 1998) . The travel distances of individual Holocene avalanches exceed 20 km, and their Thick dashed lines north of the 1964 crater show normal faults inferred from airphotos interpretation. C -Calendar ages of the collapse events and the volumes of the resulting debris avalanche deposits. Roman numbers correspond to those on the map. Holocene debris avalanche deposits, their numbers and ages are shown according to Ponomareva et al. (1998). volumes reach 3 km 3 ( Table 1 ). The parts of avalanche deposits (I, IV, IX, X, XII and XIII) not obscured by younger deposits display a typical hummocky topography. The same is true for debris avalanche deposits VII and XI at the western slope, associated with the activity of the Karan flank domes (Fig. 4B) . Deposits of avalanches II, III, V-VIII at the southern slope of the volcano are completely buried under younger volcanic products but in outcrops exhibit typical "block facies", in many cases underlain by "mixed facies" (as in Glicken, 1986; Belousov et al., 1999) (see numbered circles Fig. 4B ). Belousov et al. (1999) documented fewer debris avalanche deposits on the southern slope, specifically the largest ones from our list (Table 1) . Considering high growth rate of a modern dome and overall high magma discharge during the last 2000 years (Ponomareva et al., 2002) , we are sure that the real number of the collapse events at Shiveluch volcano is even larger than currently identified.
Multiple collapses of Shiveluch have been explained by high magma supply rate and repetitive dome formation (Ponomareva et al., 1998) . In addition, various facies of the debris avalanche deposits, as well as features of their surface, have been examined in detail, and the high frequency of collapses has been explained by high viscosity and high water content of the ascending magma (Belousov et al., 1999) . The collapses were probably triggered by intrusion of viscous magma beneath the summit domes and related seismicity (Belousov et al., 1999; Melekestsev, 2006) . The oldest exposed Shiveluch debris-avalanche deposit is pre-Holocene in age and is the most enigmatic. It forms a ∼ 400 km 2 apron at the southern foot of the volcano with hummocks up to 130 m high (Fig. 4A, B) . It is believed to have resulted from a single event which formed a 9 km-wide crater ∼ 30,000 14 C yr BP Braitseva et al., 1995) or ∼ 10,000 yr BP (Belousov et al., 1999) . The aspect of the crater, open to the south, was controlled by a system of normal faults with vertical displacements of ∼ 500 m ( Fig. 4B ; Melekestsev et al., 1974) . This large sector collapse was likely triggered by reactivation of basement faults as in analogue modeling by Vidal and Merle (2000) . The resulting crater is unusually wide and no traces of significant eruptive activity related to this event have been found. The crater should have existed before the 23-24 kyr BP last glacial maximum and would have been the accumulation area for an extensive glacier that spread to the south for 50 km, ∼ 20 km farther than did the glaciers on the northern slope of the volcano . In Kamchatka, preHolocene collapse(s) on Shiveluch are matched in scale only by Late Pleistocene collapses of Avachinsky volcano (see below). Worldwide most reported subaerial collapses of similar volumes also occurred in Late Pleistocene (Siebert, 1996; Siebert et al., 2004) , while Holocene collapses tend to be under 10 km 3 (McGuire, 1996) . Note: Holocene debris avalanche deposits, their numbers and ages according to Ponomareva et al. (1998) with minor later corrections. Question mark in the last column indicates the deposits measured in only one section. Ages in the last column marked with an asterisk ( ⁎ ) show the debris avalanche deposits identified by Belousov et al. (1999) . Double asterisk ( ⁎⁎ ) indicates a deposit documented by Belousov et al. (1999) in Baidarnaya valley but correlated to an older unit with an age of 3700 yr BP in Kabeku valley.
The northwest sector of extinct Kharchinsky volcano (8-10 km 3 ) was also displaced most likely in the Late Pleistocene ( Fig. 2B ; Volynets et al., 1999) . Extinct Zarechny volcano, bordering Kharchinsky to the south, has experienced at least two major collapses to southeast, both in Late Pleistocene, based on its well expressed collapse craters (Fig. 2B ). The first collapse has removed 6-8 km 3 and the second one 0.5-0.7 km of the edifice (Volynets et al., 1999) . The corresponding deposits are overlain by younger glacial and river sediments. Zarechny and Kharchinsky volcanoes have also experienced at least 11 smaller landslides (0.001-0.2 km 3 ), most likely in the Late Pleistocene (Volynets et al., 1999) . It is not known whether any of them were accompanied by eruptions.
The Kliuchevskoi volcanic group consists of active Kliuchevskoi, Bezymianny, Plosky Dalny and Plosky Tolbachik volcanoes as well as ten older, large eruptive centers and numerous small vents (Figs. 2 and 5). All the high volcanoes of Kliuchevskoi group were constructed during the Late Pleistocene or the Holocene (Melekestsev et al., 1974; Braitseva et al., 1995) . The group's vigorous magma output during the Holocene accounts for more than half of Kamchatka's volcanic activity (Melekestsev, 1980) . All volcanoes in this group have experienced landslides, and the largest have produced debris avalanches and toreva blocks (Fig. 5 ; Tables 2 and 3) . Collapse craters and associated deposits have been identified on large-scale airphotos and space images; most of them have been also mapped in the field. As already noted, the most famous historic collapse happened on andesitic Bezymianny volcano in 1956 and was followed by a lateral blast and plinian eruption. The sequence of events on Mount St. Helens in 1980 was similar. (Bogoyavlenskaya et al., 1985; Glicken, 1986) . The sector collapse was caused by intrusion of a cryptodome into the edifice and related seismicity (Belousov, 1996) . Since 1956, Novy dome has been growing inside the collapse crater. On June 30, 1985, a large (∼ 0.05 km 3 ) landslide from the dome triggered an explosive eruption (Melekestsev, 2006) .
Only ∼ 60% of the present cone of extinct Kamen' volcano retains its original topography, the rest of the edifice having been destroyed by multiple collapses with formation of debris avalanche deposits and toreva blocks (Figs. 2 and 5; Tables 2 and 3). A lower part of its southern collapse crater hosts Bezymianny volcano, deposits of which overlie huge blocks of slightly cemented volcanic breccia named Griva (Figs. 5 and 6). These blocks, as well as those forming Studyonyi, retain original layering and represent fragments of a volcanic cone. Similar breccia outcrops in the collapse craters on the Kamen' edifice. We presume that both Griva and Studyonyi were removed from Kamen' in the Late Pleistocene and are the only remnants of the debris avalanche deposits now buried under younger volcanic products.
The most recent of Kamen's collapses (∼ 1200 yr BP) produced a giant avalanche (4-6 km 3 ), the deposits of which are sandwiched between Bezymianny ignimbrite and tephra units (Braitseva et al., 1991) . This stratigraphy suggests that the collapse from Kamen' coincided in time with strong eruptive activity of Bezymianny and was likely triggered by earthquakes, which accompanied Bezymianny eruptions. About the same time, ∼ 1200 yr BP, a smaller collapse (0.3- (Melekestsev and Braitseva, 1984) .
Sredny, a ∼ 2 km 3 conic mountain between giant Kliuchevskoi and Plosky volcanoes, earlier mapped as an individual volcano ( Fig. 7A, B ; Piip, 1956) , was once a summit of Plosky Blizhny volcano (4057 a.s.l.) and was displaced likely during the caldera collapse on adjacent Plosky Dalny volcano ∼ 8600 14 C yr BP (Braitseva et al., 1995) . Judging from the position of the flank vents which drained the magma before the caldera collapse (Melekestsev et al., 1974) , a magma-conducting fissure zone crossed Plosky Blizhny volcano and undermined it. Mt. Sredny, in its turn, hosts a collapse scar and was probably a part of a debris avalanche deposit now buried under Erman glacier (Fig. 7B) . Mt. Sredny rocks are similar in composition to Plosky Blizhny ones (Tatiana Churikova, pers. comm., 2004) . Krasnyi Utes (Fig. 5 ) likely may be interpreted as a toreva block: it retains originally layered lava and breccia similar to that composing Plosky Dalny slope (B.V. Ivanov, pers. comm., 2004) .
Mt. Povorotnaya on the northeast slope of Plosky Tolbachik volcano (Fig. 5) consists of several large fragments each composed of stratified lava and breccia (Table 3) . It is surrounded by recent lavas, which probably buried the related debris avalanche deposits. Collapses on both Ostry and Plosky Tolbachik volcanoes could have accompanied formation of subsequent calderas on Plosky Tolbachik (Melekestsev and Braitseva, 1984) .
The almost perfectly shaped 4800 m high cone of Kliuchevskoi, the most active and productive Kamchatka volcano (Melekestsev, 1980) , has also been affected by landslides, albeit on a smaller scale. This dominantly pyroclastic cone is sitting on the 1700 m high slope of Kamen'. Its height above the surroundings varies from 4800 m in the eastern sector to 2200 m in the northwestern and 1600 m in southwestern sectors, where it is buttressed by older volcanic edifices (Fig.  5) . Three large (up to 1.5 km wide and 3-4 km long) chutes extend down the volcano's slopes radially from the summit crater (Fig. 7C, D) showing the direction of pre-historic landslides. During the 1984-87 summit eruption fresh lava flowed down the chutes; one flow collapsed, producing a rockslide of 0.006 km 3 down to a glacier and triggering a number of phreatic explosions and a 30-km-long lahar (Dvigalo and Melekestsev, 2000) . A larger rockslide (∼ 0.05 km 3 ) occurred during the 1945 eruption (Dvigalo and Melekestsev, 2000; Melekestsev, 2006) . Gullies on the foot of Kliuchevskoi exhibit multiple debris fans from older similar events.
The common occurrence of collapse events in the Kliuchevskoi group is associated with high volcanic productivity and volcanic seismicity. These volcanoes grew very fast compared to non-volcanic mountains of the same height. Composed of heterogeneous rocks including frozen layers of loose debris and ice lenses, they host extensive glaciers and are prone to active erosion. Kliuchevskoi volcano is likely a next candidate for a large collapse (Melekestsev and Braitseva, 1984) . Its high edifice is strongly asymmetric, with steep (up to 35-37°) slopes; the cone is dissected by faults and ringfractures and experiences strong earthquakes. The most probable direction of the future large collapse is to south-east (Fig. 5 ) since this sector of the volcano is characterized by rapid tectonic subsidence (Melekestsev et al., 1974) and hosts multiple fresh faults.
Eastern Kamchatka
The Gamchen volcanic range is a traditional name for a volcanic range with an overall north-south orientation, which contains at least three Holocene volcanoes (Vysoky, 2153 m a.s.l., Komarov, 2050 m, and Barany, 2320 m) and several more of Late Pleistocene age including Gamchen (Fig. 8) . Komarov volcano hosts a number of active solfatara fields (Fedotov and Masurenkov, 1991) ; its summit rocks are strongly altered, likely contributing to weakness of this rather small edifice. The western sector of the volcano collapsed ∼ 1000 yr BP based on tephrochronological evidence; resulting landslide and lahar deposits are composed of altered rocks. Gamchen volcano per se consists of three Late Pleistocene cones and one Holocene cone (Fig. 8) . The Holocene cone Barany started to form ∼ 3600 14 C years BP as evidenced by the stratigraphic position of its initial cinders directly below AV 1 marker tephra (3500 14 C years BP) from Piip, 1956 ). B -In fact, its topography and rocks composition suggest that Sredny is a toreva block displaced from Plosky Blizhny volcano. C-D -chutes on the summit part of the Kliuchevskoi cone: C -southeastern slope, D -NNW slope.
Avachinsky volcano (Braitseva et al., 1997b) . The basaltic andesitic cone formed in several spurts of activity between 3600 and 3000 14 C years BP. Landslides and scoria avalanches accompanied cone formation (Fig. 8) . The high Late Pleistocene cones of the Gamchen massif (each ∼ 2500 m a.s.l.) experienced several sector collapses, at least two of them in the first half of the Holocene. Debris avalanche deposits form a field of hummocky topography ("Moon Hills") on the eastern slope of the volcano; a minor deposit is also located on its western slope (Fig. 8) . Most of these deposits have earlier been mapped as lava flows (Fedotov and Masurenkov, 1991) . Two hills at the eastern foot of the volcano have been mapped as extrusive domes (Fedotov and Masurenkov, 1991) , but we interpret these as toreva blocks from one of the debris avalanche units based on their structure and lithologic similarity to the main edifice . A large block between Gamchen massif and Komarov volcano likely originated from the present icefilled crater of the northern cone of the Gamchen massif (Fig. 8) ; however, this block needs further examination. It is not known whether Pleistocene collapses from Gamchen were accompanied by any eruptions; Holocene collapses definitely were not.
Taunshits volcano (elevation 2353 m a.s.l., Fig. 9A ) dates back to the Late Pleistocene when a large tuya pedestal was formed (Melekestsev et al., 1974; 14 C yr BP a catastrophic eruption took place preceded by a failure of the western sector of the edifice. The landslide formed a large horseshoe-shaped crater 1.5 km in diameter that was the source of a debris avalanche with a volume of 3 km 3 that traveled ∼ 19 km ( Fig. 9A, C ; Table 4 ). The debris-avalanche deposits are overlain by stratified pyroclastic surge, fall and pyroclastic current deposits (Fig. 9B) . The most recent eruption of Taunshits took place about 2400 14 C yr B.P. (Fig. 9B ) and produced pyroclastic deposits and lava dome and flow partly filling the collapse crater (Fig.  9A) .
Bakening volcano (2278 m a.s.l.; Figs. 1 and 10A) started to form in the latest Pleistocene and ceased its activity in the Early Holocene . The position of the volcano at the edge of the Fig. 9 . Collapse related features on Taunshits volcano. A -General view of Taunshits from the west. Photo courtesy Nikolai Smelov. BStratigraphic position of the Taunshits deposits with respect to marker tephra layers. Codes and ages of regional marker tephra layers as in Fig. 3 . Local marker tephra layers (Krsh) are from Krasheninnikov volcano (Ponomareva, 1990) . Vertical scale is for tephra layers. C -Schematic geological map of Taunshits volcano. Thick black line shows a boundary of the Taunshits rocks. For other symbols see Figs. 5 and 8.
Avacha graben, over a system of bounding normal faults (Fig. 1) , strongly affected the evolution of the cone both during and after its volcanic activity. There have been repetitive collapses of the SE sector of the volcano. The oldest one took place in the Late Pleistocene and created a large collapse crater. The debris avalanche from this event traveled as far as 12 km (Fig. 10B) and left a deposit of 0.4-0.5 km 3 (Table 4) . Afterwards, the volcano was active and produced lava flows which partly filled the collapse crater. In the Early Holocene (8500-8000 14 C yr BP) a collapse of the SE sector occurred (Melekestev et al., 1999) . Further destruction of the cone continued with at least five smaller landslides, producing a sequence of debris avalanche and smaller debris flow deposits along Srednyaya Avacha river and its tributaries (Fig. 10B, C) . The volumes of Holocene deposits ranged from 0.001 to 0.007 km 3 . All the events created a 2.9 × 1.35 km 2 crater, which exposes an internal structure of the volcano (Fig. 10A ). Only one of the landslides, the Early Holocene one, was associated with explosive activity (Fig. 10C) . We suggest strong earthquakes as the main trigger for the rest of Bakening landslides because the Avacha graben is known for its modern shallow earthquakes (Gordeev et al., 2004) and paleoseismicity (Zobin et al., 1980 (Table 4 ; Melekestsev et al., 1992) . The composition of Mt. Monastyr' rocks and their stratigraphy is similar to those of the Avachinsky Somma (M.Yu. Puzankov, pers.comm., 2004) . The direction of the collapse was likely determined by asymmetry of the volcano and further subsidence of its southern foot. The avalanche was somewhat smaller than the Late Pleistocene Shiveluch one (Tables 1 and 4 ) and the resulting crater is rather narrow (∼ 5 km against 9 km for Shiveluch). No traces of eruptions closely following the sector collapses have been found (Melekestsev et al., 1992) .
Koriaksky (3456 m a.s.l.) and Kozel'sky (2189 m) volcanoes adjacent to Avachinsky from northwest and southeast, respectively (Fig. 11B) , have also experienced large landslides. On Koriaksky, there is a ∼ 0.1 km 3 landslide crater on the SSE slope; the deposits are likely buried by younger lavas. The ENE slope of Kozel'sky was destroyed by a major collapse likely in Late Pleistocene (Fig. 11B ) based on its relationship with glacial deposits and Holocene tephras.
South Kamchatka
Viliuchinsky volcano (2173 m a.s.l.; Fig. 1 ) ceased its activity in Early Holocene based on tephrochronological evidence. Now the volcano is being actively eroded principally by large, rain-triggered landslides. In 1981, during a heavy rainfall from Elsa typhoon, a 1-2 × 10 4 m 3 piece of soil-pyroclastic cover slid down the western slope and triggered a lahar, which buried a car with two passengers in Paratunka River valley. On the western foot of the volcano a suite of earlier landslide-triggered lahar deposits include larger ones (1 × 10 5 -10 6 m 3 ) with an average recurrence interval of one per 500 and smaller events (< 1 × 10 4 m 3 ) one per 10 years.
Mutnovsky volcano (2322 m a.s.l.; Fig. 1 ) hosts a large hydrothermal field and a glacier in one of its craters; in addition, a large hydrothermal field of commercial value is located on its northern slopes (Fedotov and Masurenkov, 1991) . Altered rocks of the Mutnovsky massif are prone to landslides and have produced a number of "wet" debris avalanches followed by lahars. One of the largest debris avalanches (> 0.5 km 3 ) descended for 10 km; the deposits are characterized by a typical hummocky topography and contain large (5-15 m) blocks in a matrix of altered rocks. This avalanche occurred between 1000 and 1500 yr BP, based on relationship of its deposits with marker tephra layers, and was accompanied by a phreatic eruption (Melekestsev and Braitseva, 1984) . Opala (2460 m a.s.l.) and Khodutka (2089 m) volcanoes (Fig. 1) both have evidence of past collapse events, not yet studied in detail. Opala volcano is located on the northern rim of a Late Pleistocene caldera and rises ∼ 2400 m above the caldera bottom. An Early Holocene debris-avalanche deposit is present at the bottom of the caldera, 8 km south of the volcano's summit. A smaller landslide on the southern slope of the volcano preceded an eruption of silicic lava and pumiceous tephra ∼ 3500 14 C yr BP as suggested by tephrochronological data. On Khodutka, a landslide crater and related deposits are present on the northeastern slope. The landslide is somewhat younger than 2500 14 C yr BP since no KHD marker tephra from Khodutkinsky crater was found on its surface.
Dikii Greben' Holocene extrusive massif (1079 m a.s.l., Fig. 12 ) includes landslide deposits unique in Kamchatka. Our field studies have been reconnaissance in character, but we provide new data to attract attention to this volcano. This dominantly rhyodacitic (Bindeman and Bailey, 1994) eruptive center is located immediately west of the Kurile Lake caldera and consists of a main lava dome Mt. Nepriyatnaya and a number of flank domes, occupying with their lava and pyroclastic flows an area of more than 60 km 2 (Fig. 12A,B) . Dikii Greben' was apparently formed during three short stages of activity separated by ∼ 3000-yr long repose periods. It started to form immediately after the Kurile Lake caldera collapse about 7600 14 C yr BP, and then was active around 4300 14 C yr BP and ∼ 1600 14 C yr BP, when the largest part of the present edifice formed .
The most recent eruption produced a tephra-fall deposit, several lava domes and a >350 m thick, 4 km long southern lava flow with well-expressed marginal levées and arcuate pressure ridges, fairly typical example of a coulée (Guest and Sánchez, 1969; Fink, 1980) . In addition, east and north of the main dome, two large lava bodies were formed, whose features are better explained as originating from sector collapse of the dome(s). The eastern body consists mostly of huge dome chunks forming specific steps towards the Kurile Lake and stopped by an older dome (Fig. 12A, B) . The northern lava body is ∼ 8 km long and > 200 m thick with a volume of 4-5 km 3 . It resembles viscous blocky lava flow with marginal levées and ∼ 50 m high ogive-like ridges, but unlike those in a regular lava flow, these are arcuate against the direction of motion (Fig. 12A, B) . The most distal part of the deposit exhibits hummocky topography typical of a debris avalanche. The presumed collapse scar on the northern side of the main dome is a 700-m-high steep slope with talus at the foot. Folds of the underlying deposits, resembling those described for Jocotitlan volcano by Siebe et al. (1992) or for Shiveluch by Ponomareva et al. (1998) and Belousov et al. (1999) , are observed along the margins of both lava bodies (Fig. 12A) .
Quite a few blocks of Dikii Greben' rhyodacite from 40 to 2-5 m across and numerous smaller debris are scattered northeast of the main dome; the most distal are ∼ 2 km away from the nearest parent material (Fig.  12A ). All observed blocks are dissected by cracks likely resulting from hard landing. The only way to explain the transportation of these blocks is to suggest that they became detached from the main avalanche and bounced and rolled down the slope.
These observations suggest a collapse origin for both northern and eastern lava bodies. However, some of the northern body's features can hardly be explained by this only mechanism. Well-preserved marginal levées, bounding the deposit from NE (Fig. 12A) , evidence the existence of a lava flow earlier in this eruption, most of which was then overriden by a debris avalanche. Most of the avalanche deposit consists of large lava chunks without any sandy matrix. The degree of fragmentation grows with the travel distance and is highest at its distal part (Fig. 12A) . Volume of the debris avalanche deposit likely constituted about a half of the 4-5 km 3 total for the northern lava body (Table 4) . Slope failures involving active hot domes can trigger large explosive eruptions (e.g. Voight et al., 1981; Newhall and Melson, 1983; Alidibirov and Dingwell, 1996; Voight, 2000) . In this case, collapse deposits are overlain by only moderate tephra fall deposit, suggesting the domes were not pressurized enough to produce a large eruption. So we speculate that both north and east sector collapses took place somewhat later than the main dome-building stage.
Kambalny (2161 m a.s.l.) is the southernmost active volcano of the Kamchatka arc. This Holocene mafic stratovolcano sits on the southern tip of older hydrothermally altered volcanic ridge, on the rim of a 5 × 3.5-km-wide collapse crater (Figs. 13 and 14) . The Holocene edifice is strongly asymmetrical (Fig. 14D) . Kambalny probably emerged in Early Holocene since lava flows at its older western slope are not overlain by any glacial deposits but bear a thick soil-pyroclastic sequence. About 6300 14 C yr BP the volcano was destroyed by voluminous sector collapses, which formed at least three debris-avalanche units (Fig. 14A,  C) . The older two debris-avalanche units are composed of mafic lava blocks and splintered scoria, they were earlier mapped as lava flows (Fedotov and Masurenkov, 1991) , but both units have a typical hummocky topography and consist of debris from bottom to top. The first avalanche traveled 14 km southeastwards. Then a series of strong explosive eruptions started to build a new cone east of the Early Holocene one and covered the first avalanche unit with thick stratified cinders. The next collapse involved both old and emerging cones and resulted in the second debris avalanche, which surmounted 350-m-high hills and formed a 5-km-wide and 20-km-long deposit SSW from the volcano (Figs. 13C and 14A and D) . The third debris avalanche originated from the large landslide amphitheater carved into the Late Pleistocene ridge but also involved some rocks of the Holocene cone. The resulting deposit is dominated by strongly altered clayey rocks of the older ridge. This third avalanche went more than 10 km down the Khakytsyn River valley, and in its most distal part consists of three sub-units. These are from bottom to top: 1) a clast supported zone with a minor amount of matrix, 2) a zone enriched in fine material predominantly of clay size, and 3) a zone enriched in pumice clasts (picked up from older Kurile Lake caldera ignimbrite) with a fine matrix. Such a sequence is believed to have formed as a result of high water concentration in the avalanche sufficient for sinking of dense clasts and the rise of buoyant pumice (as in Palmer et al., 1991) . This third avalanche is characterized by a hummocky topography which is in part smoothed by a subsequent mafic pyroclastic density current and in places covered by landslides from the walls of the Khakytsyn River valley composed of the Kurile Lake caldera ignimbrite.
The total volume of all the three units is roughly estimated at 5-10 km 3 , the largest Holocene collapse in Kamchatka. Subsequent eruptions have built a new cone and almost completely masked a collapse crater on the Kambalny edifice (Fig. 13A) but not on the Late Pleistocene ridge (Fig. 13B) .
Now this large amphitheater encloses long-living snowpacks and a glacier. The inner south and southwestern walls of the amphitheater expose a large field of hydrothermally altered rocks. Repetitive sliding of these altered rocks during the Late Holocene has resulted in water-saturated landslides down the Khakytsyn River. The stratigraphic relationships of these landslide deposits with Kambalny tephra layers suggest that they were associated with its activity (Fig. 14C) . Some of these landslides triggered lahars. Resumption of volcanic activity might cause new wet debris avalanches and lahars in the Khakytsyn valley and might also affect Kurile Lake. The general causes of Kambalny collapses are its strong asymmetry, presence of strongly altered and water-saturated rocks under the volcano and, likely, strong regional seismicity.
Collapses associated with calderas
Kamchatka hosts eight Holocene and at least 40 older large collapse calderas associated with both explosive and effusive eruptions (Leonov, 2003) . Caldera collapse was suggested to be an effective trigger of large landslides in volcanic terrains, specifically on steep and hydrothermally altered volcanoes (Hürlimann et al., 2000) . Kamchatka examples demonstrate that landslides from caldera walls including those from volcanic edifices cut by ring-faults are ubiquitous (Melekestsev and Braitseva, 1984) . Some of the landslides from volcanoes cut by caldera faults likely occurred during caldera formation, as is suggested by common sense, stability analysis (Hürlimann et al., 2000) and sand-box modelling (Belousov et al., 2005) . Later landslides worked as the main agents changing caldera shape and size and likely were triggered by earthquakes or heavy rainfalls. Large Holocene landslides have been driven, in particular, from the inner walls of Uzon volcano and Mt. Dvugorbaya, cut by the rims of the Late Pleistocene Uzon and Gorelaya calderas, respectively (Melekestsev and Braitseva, 1984) . Both landslides happened more than 30 ka after caldera collapse.
Some large collapses of edifices close to caldera rims likely happened prior to caldera formation, perhaps due to earthquakes preceding caldera-forming eruptions. One of these cases is that of Dvor volcano at the flank of Karymsky caldera (Ivanov, 1970) , based on the present shape of its collapse amphitheater, which is different from those formed simultaneously with caldera subsidence (Belousov et al., 2005) . Another Kamchatka example is the pre-Iliinsky C -Stratigraphic position of the Kambalny debris avalanche and landslide deposits. Codes and ages of regional marker tephra layers as in Fig. 3 ; local tephras according to Ponomareva et al. (2001) . DG II and DG III -tephras from Dikii Greben' volcano. d.a. = debris avalanche. DSchematic profile along the North Kambalny Ridge.
Somma-volcano, which encloses modern Iliinsky and sits immediately northeast of the 7.6 ka Kurile Lake caldera. Blocks from pre-Iliinsky lie in the depression predating the caldera and are overlain by ignimbrite associated with the caldera-forming eruption (Bondarenko, 1991), so we speculate that earthquakes accompanying magma ascent prior to the eruption might have caused sector collapse of the pre-Iliinsky edifice (Ponomareva et al., 2004) .
Discussion
Our overview of landslides on Kamchatka volcanoes shows that they have been common and have acted as one of the main geomorphic agents on the volcanic edifices. Landslides are favored by the high volcanic productivity and fast growth of Kamchatka volcanoes; by significant height (2-4 km) of volcanic edifices above their surroundings; by typically steep slopes (30-40°for stratovolcanoes and cinder cones, 30-60°for extrusive domes, 45-90°for crater and caldera rims); and by networks of fractures and dykes (as in Elsworth and Voight, 1996; Tibaldi, 1996) . Additional factors include heterogeneity of geological structure such as loose or plastic clayey rocks formed due to hydrothermal activity, interbedded lavas and pyroclastics, different in their physical characteristics, and the presence of cryptodomes, sills, summit domes and lava plugs. Causes, mechanisms, recurrence rates and volumes of landslides vary depending on morphology of the volcanic edifice, its productivity, type and intensity of eruptions, magma composition and viscosity, and characteristics of the basement. Triggers for volcanic landslides include magma intrusions prior to and in the course of the eruptions, which cause deformation of volcanic edifices and local earthquakes; strong regional crustal and subduction-related earthquakes; local earthquakes associated with eruption of neighbouring volcanoes; and over-saturation of the volcanic rocks with water due to heavy rain-falls or permafrost, snow and ice melting. The largest collapses in Kamchatka produced debris avalanches with volumes of resulting deposits up to 30 km 3 and toreva blocks up to 2 km 3 . The maximum vertical amplitude of the debris material displacement exceeded 4 km (on Kamen' volcano) and the horizontal amplitude 30 km (on Shiveluch, Kamen' and Avachinsky).
Seven active volcanoes in Kamchatka exhibit a classic Somma-Vesuvius structure with an older destroyed edifice embracing a young active center. These are Shiveluch (Fig. 4) , Zarechny (Fig. 2B) , Bezymianny ( Fig. 2A) , Taunshits (Fig. 9A) , Avachinsky (Fig. 11) , Iliinsky, and Kambalny (Fig. 13A) (Braitseva et al., 1995) . Both sector collapses likely were not followed by large explosive eruptions, so they were probably caused by factors other than magmatic activity.
During the last 10,000 yr the most voluminous sector collapses happened at extinct Kamen' (4-6 km 3 ) and active Kambalny (5-10 km 3 ) volcanoes. The largest number of repetitive debris avalanches (> 10 only during just the second half of Holocene) occurred at Shiveluch volcano. On the active volcanoes with well-documented deposits, most if not all of the collapses were associated with volcanic activity. Eruptions preceding sector collapses produced both silicic (Dikii Greben') or mafic (Plosky Dalny) lava or, in one case, basaltic andesitic cinder (Kambalny eruption prior to avalanches II and III). Collapse-triggered eruptions produced only tephra: both silicic (e.g. Shiveluch, Bezymianny, Taunshits) and mafic (Kambalny). The largest partial collapses of active or nearly active domes ranged from 0.05 km 3 (2004 Shiveluch and Bezymianny collapses) to 2-2.5 km 3 on Dikii Greben' (∼ 1600 yr BP). Most of the Kamchatka avalanches were relatively dry and not rich in fragments of strongly altered rocks or clay. We count only three "wet" debris avalanches, namely from Komarov, Mutnovsky and Kambalny (avalanche III) volcanoes.
Collapses on the volcanoes which have stopped their activity might have been triggered by earthquakes associated with eruptions of neighbouring volcanoes. This case is documented for the most recent (∼ 1200 yr BP) flank failures of extinct Kamen' and Ovalnaya Zimina volcanoes (Braitseva et al., 1991) , and this was probably also the case of extinct Plosky Blizhny volcano collapse (associated with the collapse of summit caldera on Plosky Dalny) and of extinct Ostry Tolbachik (associated with the collapse of summit caldera on Plosky Tolbachik).
Large collapses have occurred around Kamchatka, but the highest concentration is within the Central Kamchatka Depression with its most voluminous volcanoes (Figs. 1 and 3) . This concentration suggests that the main reason for sector collapse lies in high magma production rate, which results in frequent large eruptions and fast growth of volcanic edifices. This conclusion is supported by analyses of time distribution of dated Holocene collapses (Fig. 3) , of which 13 occurred on 8 volcanoes between 1100 and 1900 yr BP, coinciding with a period of enhanced volcanic activity on Kamchatka (Braitseva et al., 1995) . Any other time interval of similar duration gives no more than 5 collapse events on 3 volcanoes.
Most of the volcanoes which have experienced sector collapses are located outside identified regional active fault systems (Fig. 1) . Orientation of collapse craters does not support their relation to these systems and rather seems controlled by local faults. Only three collapsed volcanoes, Bakening, Komarov and Gamchen, which are associated with dip-slip faults (Kozhurin, 2004) , might have depended on fault activity (as in Lagmay et al., 2000; Vidal and Merle, 2000) ; their collapse scars are oriented accordingly (Figs. 1, 8 and 10) ).
Volcanoes likely to experience large sector collapses in the future are Kliuchevskoi, Kizimen , Young Cone of Avachinsky, Opala, Iliinsky and Kambalny (Fig. 1) . This prediction is supported by their strong asymmetry, history of previous collapses (for the four latter volcanoes), and fast growth. Collapse of Koriaksky volcano has been also predicted based on its morphology and long repose period, which may have favored accumulation of a large amount of magma under the volcano (Melekestsev et al., 1992) .
About 80% of ∼ 350,000 people inhabiting Kamchatka concentrate in three cities: PetropavlovskKamchatsky and Elizovo, located ∼ 30 km south of Koriaksky and Avachinsky volcanoes (Fig. 11) , and Kliuchi, located 30 km north of Kliuchevskoi and 45 km south of Shiveluch volcanoes (Fig. 1) . For the historical period (∼ 300 years), these sites have experienced volcanic influence only by minor ashfalls and minor flooding in outermost suburbs. Collapses of high, steep volcanoes can produce very mobile and hazardous debris avalanches (Siebert, 1984 (Siebert, , 1996 , which may bury an area under thick cover of debris and may change river drainages (as in Waythomas, 2001 ). Prediction of collapses on Kliuchevskoi, Avachinsky and Koriaksky highlights the importance of closer studies of their structure and stability. Moreover an avalanche from Iliinsky volcano could produce a tsunami in Kurile Lake and down Ozernaya River, which flows from the lake toward several villages. Kizimen, Opala and Kambalny are located far from the populated areas but their collapses still may be dangerous for tourists, fishermen and hunters who visit their surroundings.
